The LTR retrotransposon Tf1 of Schizosaccharomyces pombe integrates specifically into the promoters of pol II transcribed genes. Its integrase (IN) contains a Cterminal chromodomain related to the chromodomains that bind to the N-terminal tail of histone H3. Although we have been unable to detect an interaction between histone tails and the chromodomain of Tf1 IN, it is possible that the chromodomain plays a role in directing integrase to its target sites. To test this idea we generated transposons with single amino acid substitutions in highly conserved residues of the chromodomain and we created a chromodomain deleted mutant. The mutations, V1290A, Y1292A, W1305A, and CHD∆ substantially reduced transposition activity in vivo. Blotting assays showed that there was little or no reduction in the levels of IN or cDNA. By measuring the homologous recombination between cDNA and the plasmid copy of Tf1, we found that two of the mutations did not reduce the import of cDNA into the nucleus while another exhibited a 33% reduction. Chromatin immunoprecipitation assays revealed that CHD∆ caused an approximate 3-fold reduction in the binding of IN to the downstream LTR of the cDNA. These data indicate that the chromodomain contributed directly to integration.
conserved and has nonspecific DNA binding activity in vitro (9) . Detailed analysis of the C-terminal domains identified two conserved modules present individually or together in a wide variety of INs (33) . The GPY/F domain is found in the INs of gamma retroviruses and a broad set of LTR-retrotransposons of the Metaviridae family (formerly called the Ty3/Gypsy family) (23, 33) . The other conserved module is a chromodomain (CHD) and is found at the C-terminal end of INs from the metavirus genus of LTR-retrotransposons (26, 33) . CHDs are present in a variety of eukaryotic proteins and act as interaction modules for methylation marks such as histone H3 methylated at lysine 9 (11) . The presence of CHDs in retrotransposon INs suggests they play a role in the selection of integration sites (33) . This possibility is supported by the recent finding that the CHD of the Maggy retrotransposon interacts with histone H3 methylated at lysine 9 (14) .
Tf1 of Schizosaccharomyces pombe is an LTR-retrotransposon that belongs to the
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on December 25, 2017 by guest http://jvi.asm.org/ Downloaded from metavirus genus. Its IN contains both a GPY/F domain and a C-terminal CHD (20, 33) .
Tf1 exhibits a marked preference for integrating within a window of 100 to 400
nucleotides upstream of open reading frames (ORFs) (3, 6, 42) . Recent work found that the insertion of Tf1 upstream of ORFs is due to its recognition of pol II promoters (28) .
One model for how Tf1 integrates into promoters is that the CHD interacts with chromatin features specific to pol II promoters. However, the CHD of Tf1 is not as conserved as other CHDs and as a recombinant protein, it fails to interact with any known form of histone protein (Ebina and Levin, unpublished) . This study was undertaken to test the CHD of Tf1 for functions in transposition. In the context of the intact transposon, alanine substitutions were made in conserved residues of the CHD, and a version of Tf1 was generated with an IN that lacked the CHD. The mutations caused substantial reductions in transposition frequencies with little or no decreases in Tf1 protein or cDNA levels. In addition, a genetic assay indicated that for two of the three mutations tested, the cDNA accumulated in the nucleus in wild-type levels. These results indicate that the CHD specifically contributed to integration efficiency. Chromatin immunoprecipitation (ChIP) assays revealed that the contribution of the CHD to integration is in part due to its ability to promote the binding of IN to cDNA. Importantly, integration assays with target plasmids showed that deletion of the CHD disrupted the targeting of integration to pol II promoters. Table 2 . The plasmids with mutations in the CHD were constructed by fusion PCR with two overlapping oligonucleotides with the mutant sequence and two PCR oligonucleotides that contained unique restriction sites located on either end of the final PCR product. The CHD point mutations were generated on a 1,183 bp fragment that was cloned into pHL 414-2 and pHL 449-1 at unique BsrGI and NarI sites.
Materials and Methods
Yeast
Transposition and homologous recombination assays. Following transformation into
S. pombe, various versions of Tf1 were assayed for transposition and recombination as described previously (1) . Briefly, all the mutants of Tf1 elements were first grown as patches on agar plates containing EMM (13) supplemented with 2 gm/liter dropout mix (an equal weight mix of all amino acids plus 2.5 times more adenine than the amino acids; no uracil is present) and a final concentration of 10µM thiamine to repress the transcription of Tf1 driven by the nmt1 promoter. After 2 days incubation at 32°C, patches of cells were replica printed to similar EMM agar plates that lacked thiamine to induce the transcription of Tf1. After growing for 4 days at 32°C, induced patches were replica printed to EMM agar containing 1gm/liter 5-fluoroorotic acid (5-FOA), the dropout mix, and 50 µg/ml of uracil to eliminate the plasmid with Tf1-neo. Transposition was measured by a final replica print to YES (YE plus dropout mix) plates supplemented with 1 gm/liter 5-FOA and 0.5 gm/liter G418. These plates were examined after 36 hours of growth at 32°C to observe integration of Tf1-neo.
Quantitative measurements of transposition frequencies were performed as described for a different transposon (12) . In brief, strains were grown on EMM agar plates (dropout recipe as above) that lacked thiamine. These cells were then re-suspended
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at an OD 600 of 5.0 and used to make a series of 10-fold dilutions starting with 10 8 cells/ml and finishing with 10 4 cells/ml. One hundred microliters of the cells from the three lowest dilutions was then spread onto FOA plates, and 0.1 ml of cells from the three highest dilutions was spread onto the YES plates containing FOA and G418. The transposition frequency, i.e., the percentage of the FOA r colonies that were also G418 r , was then calculated.
Homologous recombination between the cDNA of Tf1 and the Tf1-neoAI sequence in the expression plasmid (pHL449-1) was detected by printing induced patches from the EMM lacking thiamine directly to plates with YES-G418 (1). Quantitative measurements of homologous recombination were performed using a similar approach as that of the quantitative transposition assay. Strains were grown on EMM agar plates (dropout recipe as above) that lacked thiamine. These cells were then re-suspended at an OD 600 of 5.0 and and used to make a series of 10-fold dilutions starting with 10 8 cells/ml and finishing with 10 4 cells/ml. One hundred microliters of the cells from the three lowest dilutions were spread onto YES plates, and 0.1 ml of cells from the three highest dilutions were spread onto the YES plates containing G418. The homologous recombination frequency, i.e., the percentage of the YES colonies that were also G418 r , was then calculated. as the secondary antibody at a 1: 10,000 dilution. Bands were detected using chemiluminescence (ECL plus, Amersham Biosciences). Targeting plasmid assay: This assay was conducted as previously described (28) . Target plasmids were introduced into S. pombe by transformation with lithium acetate followed by selection on EMM dropout medium lacking leucine. These strains were then retransformed with the Tf1 expression plasmid by selecting on EMM lacking leucine and uracil. Strains were arranged on EMM-leu-ura+B1 plates in two cm 2 patches. Following days growth at 32ºC the patches were washed in 0.5ml dH 2 O and re-suspended in 0.5 ml citrate phosphate sorbitol buffer with zymolyase 100T (50mM phosphate, 50 mM citrate, 1.2M sorbitol, 2mg/ml Zymolyase 100T[Seikagaku Corporation]) and incubated at 37°C
for one hour. After the incubation, the cells were resuspended in 100 µl TE. 12 µl of 10%
SDS was added and the cells were incubated at 65°C for 5 min. Then 33 µl of 5 M potassium acetate was added, the samples were mixed well and then placed on ice for 30 min. The cells were then centrifuged at 4°C for 10 min at 20,800xg. The supernatant was phenol extracted and ethanol precipitated. This material was then electroporated into bacteria to obtain target plasmids. Colonies with resistance to kanamycin contained target plasmids with insertions.
RESULTS
Mutations in the chromodomain of Tf1 IN caused a significant reduction in transposition:
The C-terminal end of Tf1 IN has a 72 amino acid CHD. To test whether this domain plays a critical role in Tf1 integration we generated alanine substitutions in three of the most conserved residues of the CHD (Fig. 1) . V1290, Y1292 and W1305
were chosen because they correspond to residues in heterochromatin protein 1 (HP1) that make key hydrophobic contacts between beta sheets two and three which form the backbone that stabilizes the domain (22, 36) . In addition, mutations in other chromodomain proteins in the amino acids that correspond to Y1292 and W1305 have been found to disrupt function (35, 36) . We also introduced a frameshift mutation at the beginning of the CHD to produce a version of Tf1 with an IN that lacked the CHD. We
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The transposition assay is based on strains of S. pombe that express Tf1-neo from an inducible nmt1 promoter present on a multicopy expression plasmid. Integration of Tf1-neo causes cells to become resistant to G418. To observe transposition, patches of cells were induced for Tf1-neo expression, grown on medium that selects against the expression plasmid (5-FOA), and transferred to medium containing G418 ( Fig. 2A) . By densitometry we quantified the amount of cDNA produced by the CHD mutants. The signal from the 2.1 kb cDNA band was normalized to the signal from the 9.5 kb plasmid band. The CHD∆, V1290A and Y1292A mutants produced 87%, 91% and 83.4% of the cDNA that wild-type generated, indicating that these mutations did not significantly reduce reverse transcription (Fig. 3B) . A somewhat greater reduction in cDNA production was detected for the W1305A mutant which produced 66.7% of the 2.1 kb cDNA that was observed for wild-type. (Fig. 3C ). As expected, PRfs blocked expression of RT while
INfs had no effect on RT production.
Mutations in the CHD did not inhibit the import of Tf1-cDNA into the nucleus:
Other than the W1305A substitution, which showed a 33% decrease, mutations in the CHD did not significantly reduce cDNA levels. Despite these normal levels of cDNA it is possible that the mutations in the CHD prevented the entry of the cDNA into the nucleus.
To detect the levels of reverse transcripts that accumulated in the nucleus we used a previously described modification of the transposition assay that detects homologous recombination between Tf1 cDNA and the Tf1 sequence in the expression plasmid (1).
For the recombination assay we used a version of the Tf1 (Tf1-neoAI) that contained an artificial intron that disrupted the reading frame of neo. The neo gene was in the opposite orientation from Tf1 and was therefore transcribed as an anti-sense mRNA.
The intron was in the sense strand and could not be spliced out of the neo mRNA to provide G418 r . However, the intron could be spliced out of the Tf1 transcript so that reverse transcription of Tf1 produced active versions of neo. Unlike the transposition assay, the recombination assay did not include the removal of the plasmid expressing Tf1 before cells were replica printed to medium containing G418. The cells became resistant to G418 only after the cDNA recombined with the expression plasmid or was inserted by IN. The frequencies of homologous recombination were significant such that the resistance to G418 was not dependent on IN expression (Fig. 4, INfs) . Strains expressing the Prfs mutation lacked RT and consequently showed no growth on G418 due to the absence of cDNA. The strain expressing Tf1 that had mutations in the nuclear localization signal of GAG (NLS-m) showed significantly reduced growth on G418, as the cDNA in this case was unable to enter the nucleus (24) . Strains expressing the CHD mutants that produced near wild-type levels of cDNA (CHD ∆, V1290A and Y1292A) showed growth on G418 that was comparable to the wild-type (Fig. 4) . This observation indicated that mutations in the CHD did not inhibit the import of cDNA into the nucleus.
We conducted a quantitative recombination assay to measure the levels of reverse transcripts that accumulated in the nucleus (Table 1 For this assay we used Tf1-neoAI. To detect IN bound specifically to cDNA we designed PCR primers that amplified only the neo in the cDNA copies of Tf1 and not the plasmid encoded Tf1-neoAI. The oligo HL1576 bridged the artificial intron and primed only when the intron was spliced out and thus could not amplify the plasmid copy of neoAI (Fig. 5B) . The primer pair HL1576 and HL1040 detected a 521 nt cDNA that included the downstream LTR. This primer set was used in PCR on DNA prepared either from immunoprecipitated chromatin fractions or from whole-cell crude extracts used as input control. To account for differences in loading or the variance in amplification in separate PCR reactions, we used multiplex PCR and normalized the enrichment of the cDNA sequences relative to a PCR product of fbp1. The amplification of the whole cell input from cells expressing wild-type Tf1-neoAI produced similar amounts of signals from the cDNA and the fbp1 gene (Fig. 5C ). The results from three independent experiments were averaged for each strain (Fig. 5D ). The ChIP of wild-type Tf1-neoAI using anti-IN antibody produced a 6.6-fold enrichment of the cDNA. We tested whether the cDNA signal was indeed specific for cDNA copies of neo by analyzing a strain with a D779N substitution in RT that disrupts reverse transcription (30) . No cDNA was detected in this strain either in the WCE or the IP demonstrating that these primers were specific for cDNA. Strains expressing the PRfs and the INfs were also analyzed as controls. Since the PRfs does not express RT, no cDNA signals were detected. The INfs ChIP with cells that expressed the R786H mutation in the RNase H domain of RT. This mutation does not affect the production of cDNA but because processing of the plus strand primer of reverse transcription is defective, the cDNA cannot be integrated into the host genome (2). Detection of wild-type levels of cDNA in the ChIP relative to the fbp1 signal for this strain ( Fig. 5C and 5D ) demonstrated that the cDNA signal was indeed derived from IN bound to unintegrated cDNA. The strain that expressed the CHD∆ mutation exhibited a three-fold decrease in the binding of IN to the cDNA when compared to the strain expressing WT (Fig. 5D) . Thus, it appears that the CHD played an important role in mediating binding of IN to the cDNA.
The CHD of Tf1-IN is required for targeted integration:
The CHD of Maggy interacts with histone H3 methylated at lysine 9 and this directs it to regions of heterochromatin (14) . Although the CHD of Tf1 is less conserved than that of Maggy, we tested whether it played a role in directing integration to promoters. To determine whether there were defects in integration into target sites, we used a plasmid based targeting assay that measures the integration activity of specific sequences (28) . This assay is based on a strain of S. pombe that contains both a plasmid that expresses Tf1-neo and a plasmid with the target sequences. The neo gene in Tf1 causes G418 resistance upon successful integration. Target plasmids extracted from individual G418 resistant patches were introduced into bacteria and selected for resistance to ampicillin. Because
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the neo gene encodes resistance to kanamycin the target plasmids with Tf1-neo insertions resulted in colonies that were resistant to both ampicillin as well as kanamycin. These plasmids were then sequenced to determine the position of Tf1 insertions. Insertions mediated by IN produce signature duplications of base pairs at the target sites. Only insertions that resulted in duplications of five base pairs, the type typical of Tf1, were included in the analyses below.
The strong preference of Tf1 for integrating in an intergenic region containing a pair of divergent promoters for the ade6 and bub1 genes has been established (28) . The target plasmid contained the ORF of ade6, its upstream intergenic region, and a portion of the adjacent bub1 ORF (Fig. 6A) . When the bub1-ade6 target plasmid is introduced into a strain of S. pombe that expresses WT Tf1-neo, 95% (41 of 45) of the insertions in the plasmid occur in the divergent pair of promoters within a 160 bp window (Fig. 6A, reprinted from (28) with permission from Elsevier).
For the current experiment the same conditions established by Leem et al (28) were used to test Tf1-neo with the mutations in CHD. For the V1290A mutant, insertions at the 160 bp window constituted 83% (24 out of 29 events) of the plasmid events (Fig.   6B ). In strains that expressed Y1292A, 29 out of 39 events (74%) of the plasmid insertions occurred in the 160 bp window (Fig. 6C ). Compared to the 95% level of promoter insertions produced by wild-type IN, these frequencies for the alanine mutations produced modest reductions in targeting that were not statistically significant.
Assaying integration into promoters by the Tf1 with CHD∆ was difficult because the efficiency of integration into the target plasmid was significantly reduced. When isolating insertions in the bub1-ade6 target plasmid only ten events could be isolated.
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However, out of the ten events one (10%) was in the 160 bp window (Fig. 6D ). This decrease of insertions into the target window is significant with a p value of 0.021
(Fishers exact test).
To test whether the CHD functioned in directing integration at other promoters we assayed two additional target plasmids. Previous experiments with a target plasmid demonstrated that Tf1-neo integrates with a strong preference for an enhancer element events (22%) were found to occur in the promoter region of fbp1 (Fig. 7B) . Importantly, none of these events were at the dominant positions 4972 or 4982. This lack of integration into 4972 and 4982 was significant with a p value of 0.042 (Fishers exact test). Previous experiments also showed that the promoter region of the gene SPCC4F11.03c is a strong target of integration (Fig. 7C , reprinted from (28) with permission form Elsevier). Just two out of seven events (28%) generated by Tf1-CHD∆, targeted the promoter region of SPCC4F11.03c (Fig. 7D) . Together, these data indicate that Tf1 IN requires the CHD for target site preference. showed that, apart from small reduction caused by V1290A, the mutations did not alter the levels of the IN and RT expressed by Tf1. DNA blots indicated that, except for the 33% reduction caused by W1305A, the levels of cDNA produced were also not significantly changed. By measuring homologous recombination, we determined that the mutations in Tf1 had little or no effect on the accumulation of cDNA in the nucleus.
DISCUSSION
Nevertheless, all four of the mutants exhibited substantial reduction in transposition.
Thus, these drastic reductions in transposition likely resulted from defects that occurred specifically at the integration step of the transposition cycle. (Fig. 5A) , the defect in the interaction between IN and cDNA is likely to be greater than 2.7 fold.
It is possible that the mutations in the CHD reduced the catalytic activity of IN.
Such mutations may allow interaction with target DNA but have an indirect effect on the catalytic site. This kind of defect is consistent with the mutations that did not significantly lower levels of IN, cDNA, the amounts of cDNA available for homologous recombination in the nucleus. However, one result that argues against a defect in catalytic activity is that as a recombinant protein, the CHD∆ form of IN had four to seven times greater strand transfer activity than wild-type IN (19) .
The point mutants in the CHD and the CHD∆ IN showed comparable reductions in transposition frequencies (Fig. 2) . However, only the CHD∆ mutation caused a promoters.
The relatively few insertion events that were observed in the bub1-ade6 and fbp1
promoters in the absence of the CHD were due to residual integration activity of the (C) The levels of RT produced by the CHD mutants were measured on immunoblots.
Antibodies specific for RT detected the mature 60-kDa RT species. 
